Although it is known that cancer cells can develop radiation resistance after repeated exposures to X rays, the underlying mechanisms and characteristics of this radiation-induced resistance of cancer cells are not well understood. Additionally, it is not known whether cells that develop X-ray resistance also would develop resistance to other types of radiation such as heavy-ions including carbon ions (C-ion). In this study, we established X-ray resistant cancer cell lines by delivering repeated exposures to X rays, and then assessed whether the cells were resistant to carbon ions. The mouse squamous cell carcinoma cell line, NR-S1, was X irradiated six times with 10 Gy, and the X-ray resistant cancer cells named X60 and ten subclones were established. Significant X-ray resistance was induced in four of the subclones (X60, X60-H2, X60-A3 and X60-B12). The X60 cells and all of the subclones were resistant to carbon ions. The correlation analysis between radioresistance and morphological characteristics of these cells showed that X-ray (R ¼ 0.74) and C-ion (R ¼ 0.79) resistance correlated strongly with the number of heterochromatin domains. Moreover, the numbers of c-H2AX foci remaining in irradiated X60 cells and radioresistant subclones X60-A3 and X60-H2 were lower than in the NR-S1 cells after X-ray or C-ion irradiation, indicating that X60 cells and the radioresistant subclones rapidly repaired the DNA double-strand breaks compared with NR-S1 cells. Our findings suggest that the underlying causal mechanisms of X-ray and C-ion radiation resistance may overlap, and that an increase in heterochromatin domain number may be an indicator of X-ray and C-ion resistance.
INTRODUCTION
The recent development of techniques used in radiotherapy such as hypofractionated radiation therapy now allow us to curatively treat early stages of some cancer (1, 2) . In particular, the therapeutic outcome of early stage lung cancer treated with hypofractionated radiation therapy was shown to be comparable to that of surgical resection. However, in some cases, tumors do reoccur even after high dose radiotherapy (2) . Tumor recurrence after a course of radiation treatments can be extremely difficult to control, because retreatment with radiation therapy is limited by the tolerance dose to normal tissues surrounding the tumor that has previously undergone treatment, and the treated tumor has possibly developed an X-ray-induced resistance to radiation. However, it has recently been shown that heavyion radiations, such as carbon ions (C-ion), can be precisely delivered for the retreatment of recurrent tumors (3) . It is known that the relative biological effectiveness (RBE) of carbon ions can be greater than 2 because the linear-energy transfer (LET) of carbon ions is significantly higher than the LET for X rays, although the actual RBE values are dependent on both changes in the LET (4) and the hypoxic fraction of irradiated samples (5, 6) . In addition to a high RBE, the very precise physical dose distribution of heavyion beams such as carbon can be very beneficial in cancer treatment (7) . The LET of carbon ions reaches its maximum at the back end of the beam track, which is termed the Bragg peak, while LET of the beam entry region is relatively low. This means that carbon-ion therapy is able to deliver a significantly higher dose into the tumor while sparing the surrounding normal tissue and skin. Therefore, carbon-ion therapy can be more effective for X-ray resistant cancers such as melanoma and osteosarcoma (8, 9) . Retreatment with carbon ions (3) is now being considered as a very useful strategy for the control of recurrent X-ray resistant tumors.
In recurrent tumors that have been previously treated with X ray, it is possible that the characteristics of the tumor such as sensitivity to X rays have changed during radiation treatment. Therefore, to successfully treat recurrent tumors with carbon ions, it is necessary to evaluate the biological effectiveness on X-ray resistant cancer cells derived from irradiated recurrent tumors. Although X-ray-induced radiation resistance in various cancer cells has been reported in resistant tumors (10) (11) (12) (13) (14) , to our knowledge investigations have never been done to determine whether radiation resistant cancer cells produced by repeated exposure to X rays are also resistant to carbon ions. In addition, the cellular and molecular mechanisms induced in X-ray and Cion resistant cancer cells compared to their parental cancer cells have not been quantitatively assessed. If there is a correlation between radioresistance and a cellular or molecular end point, it might be possible to reveal the mechanisms of X-ray and C-ion induced resistance in cancer cells.
In this study, we investigated whether X-ray resistant cancer cells are also resistant to carbon ions and identified morphological end points that correlated with X-ray and C-ion resistance by establishing X-ray resistant cancer cells through repeated exposure to X rays using mouse cancer cell lines. We found that the repeated exposure to X rays induced not only X-ray resistance but also C-ion resistance in some subclones. Our findings indicate that there are some common damage-response pathways after X-ray and C-ion exposure. Moreover, we found that the heterochromatin domain number strongly correlates with X-ray resistance in established radioresistant cancer cells.
MATERIALS AND METHODS

Cell Lines
The cell lines used for this study were the mouse squamous cell carcinoma cell line NR-S1 (kindly provided by Dr. Koichi Ando, Medicine and Biology Division, Gunma University Heavy Ion Medical Center), and the radioresistant cell line X60 and its subclones (X60-A3, X60-A9, X60-B11, X60-B12, X60-C3, X60-D4, X60-D9,  X60-H2, X60-2 and X60-4) . The NR-S1 cells originated from squamous cell carcinoma that arose from buccal mucosa (15) . The X60 cells were established by means of repeated X ray irradiation of the NR-S1 cells as described in the Establishment of Radioresistance Cancer Cells section. The radioresistant sublines were randomly selected from the X60 cells. All cells were maintained in Dulbecco's modified Eagle medium (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) containing 10% fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA), 2 mM L-glutamine (Gibcot, Carlsbad, CA) and 0.1% penicillin/streptomycin (Gibco).
X-Ray and Carbon-Ion Exposure
The TITAN-320 (Shimadzu, Kyoto, Japan) was used for X-ray irradiation. The tube voltage, current, distance from X-ray focus to incident surface and the dose rate were 200 kV at peak, 20 mA, 60 cm and 1 Gy/min, respectively.
Carbon-ion irradiation was performed at the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences, Japan. The carbon-ion energy and dose rate were 290 MeV/nucleon and 5 Gy/min, respectively. For the carbonion irradiation, a 6 cm spread out Bragg peak (SOBP) in depth was adopted and the cells were irradiated at the center of the SOBP (16) . The dose averaged LET at the center of the SOBP is 50 KeV/lm (4). X-ray and C-ion irradiations were performed at room temperature.
Establishment of Radioresistant Cancer Cells
NR-S1 cells were irradiated with 10 Gy of X rays once every two weeks. The cells were exposed to X rays six times for a total dose of 60 Gy, after which they were identified as X60 cells. After the last exposure, the cells were cultured under normal conditions for four weeks. Ten sublines were then cloned from the X60 cells and the cellular character of each cell line was assessed (Supplementary Fig.  S1 ; http://dx.doi.org/10.1667/RR13492.1.S1).
Colony Formation Assay
Immediately after X-ray or C-ion irradiation, the cells were washed with phosphate buffered saline (PBS) (Nissui Pharmaceutical Co. Ltd.), harvested with Trypsin-EDTA (Gibco) and seeded onto cell culture dishes. Eight days after plating for colony formation, the cells were fixed and stained with 0.1% w/v methylene blue (Sigma-Aldrich LLC, St. Louis, MO) containing 30% v/v methanol (Wako Pure Chemical Industries Ltd., Osaka, Japan). Colonies containing more than 50 cells were counted as cells that survived. The survival fractions were plotted versus dose and fitted to a linear-quadratic model with a nonlinear least square algorithm.
Morphological Analysis
The cells were washed with PBS, fixed with 10% buffered formalin (Wako Pure Chemical Industries Ltd.) for 20 min and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich). The cells were then stained with hematoxylin (Merck, Darmstadt, Germany) and eosin (Sakura Finetek Co. Ltd., Japan, Tokyo, Japan). The microscopic images of the cells were produced using an inverted microscope (BX51, Olympus Corp. Tokyo, Japan) with 2003 magnification. The cellular size and shape were analyzed with ImageJ software (version 1.46n, National Institutes of Health, Bethesda, MD). Based on the elongation index, which was calculated by dividing the cell length by its width, the cells were classified into the following three groups: 1. rounded; 2. elongated and 3. spindle shapes, with elongation index of less than 2, 2 or more, but less than 3, and 3 or more, respectively. At least 100 cells were counted.
Measurement of Heterochromatin Domain Number
The cells were washed with PBS and fixed with ice cold 99.5% ethanol (Wako Pure Chemical Industries Ltd.) for 5 min. The cells were then washed again with PBS -and the nuclei were stained with 10 lM of Hoechst 33342 (Sigma-Aldrich). The microscopic image of the nucleus was obtained at 6003 magnification with a fluorescent microscope (IX70, Olympus Corp.). The heterochromatin domain number was quantified with ImageJ software. At least 100 cells were counted.
Analysis of DNA Contents and Cell Cycle Distribution
The cells were washed with PBS, harvested with Trypsin-EDTA (Gibco) and fixed with ice cold 95% ethanol. The fixed cells were washed three times with PBS, then treated with 0.25 mg/ml of RNase A solution (Qiagen, Valencia, CA) at 378C for 30 min and stained with 50 lg/ml of propidium iodide (Sigma-Aldrich) for 30 min on ice. The fluorescence intensity was measured by FACSCalibere (Becton Dickinson, San Jose, CA). DNA contents and percentages of cell cycle distribution were analyzed by FlowJo software (version 8.2, Tree Star Inc., Ashland, OR).
Measurement of Doubling Time
WST-8 solution (Cell Counting Kit-8, Dojindo Molecular Technologies Inc., Kumamoto, Japan) was used to measure cell proliferation. The cells were washed with PBS, harvested with
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Trypsin-EDTA (Gibco) and 500 cells were seeded into 96 well plates. On days 0, 1 and 3 after the cells had been seeded, 10 ll of WST-8 solution was added to each well and the cells were then incubated for 2 h at 378C in a 5% CO 2 incubator. Optical density was measured by absorption photometer (ARVOe X3, PerkinElmer Japan Co. Ltd.). The doubling time for each cell was calculated by comparing optical density at days 1 and 3.
Immunofluorescence Staining
The cells were washed three times with ice cold PBS, fixed with 10% buffered formalin for 20 min, then washed three times with 0.1 % Triton X-100 and blocked with 10% bovine serum albumin (SigmaAldrich) for 30 min. After blocking, the cells were incubated with antic-H2AX antibody (clone JBW301, Upstate Biotechnology Inc., Lake Placid, NY) overnight at 48C, then rinsed three times with PBS and incubated with DyLight 488 conjugated donkey anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) for 1 h at room temperature. The nucleus was counterstained with 10 lM of Hoechst 33342 (Sigma-Aldrich).
Statistical Analysis
The t test, two-way ANOVA and Pearson product-moment correlation coefficient were used to test for statistically significant differences in the mean values between the two groups, the differences in survival curve parameters, and the correlation coefficients, respectively. A P value of less than 0.05 was considered statistically significant for all analyses. All experiments were performed at least three times.
RESULTS
X-Ray and Carbon-Ion Sensitivity after Repeated Exposure to Radiation
The X60 cells were significantly more resistant to X radiation than the parental NR-S1 cells. When the cells were irradiated with 10 Gy X rays, the survival fractions of the X60 cells were 3.8-fold higher than that of the NR-S1 cells (Fig. 1A) . In addition, the D10, the X-ray dose required to decrease the survival fraction to 10% or 0.1, was 10.5 Gy and 6.4 Gy in X60 and NR-S1 cells, respectively, meaning that X60 cells were 1.6-fold more resistant to X radiation compared with NR-S1 cells (Fig. 1A) .
The X60 cells were also resistant to carbon ions. Cell survival of X60 cells after 5 Gy of carbon ions was increased 9.8-fold compared with that of NR-S1 cells (Fig.  1B) . The D10 value of X60 and NR-S1 cells for carbon-ion irradiation was 6.4 and 3.9 Gy, respectively, and indicated that the X60 cells were 1.7-fold more resistant to carbon ions than NR-S1 cells (Fig. 1B) .
The X60 cells are likely to contain many subpopulations with different radiosensitivities and cellular morphologies, since DNA damage was repeatedly induced in them by repeated X ray exposure. Therefore, we randomly established 10 subclones from the X60 cells and measured the Xray and carbon-ion sensitivity of each clone by colony formation assay. Interestingly, X-ray and C-ion sensitivities for each subclone varied widely (Fig. 2) . The significant Xray resistant subclones were X60-H2, X60-A3 and X60-B12 cells when compared with the NR-S1 cells. On the other hand, X-ray sensitivities of X60-2, X60-C3, X60-D4, X60-D9, X60-A9 and X60-4 subclones were similar or slightly more resistant when compared with the NR-S1 cells. All subclones retained carbon-ion resistance compared with the NR-S1 cells, although the tendency was similar to their X-ray sensitivity. These results indicated that repeated exposure to X rays alters the radiosensitivity of the cells resulting in heterogeneous populations with significantly radioresistant cancer cells also being present as a part of this heterogeneous cell population. Moreover, the data suggest that the underlying mechanisms of X-ray resistance might overlap, partially, with that of carbon-ion radiation resistance. 
410
Changes in Cellular Characteristics in Radioresistant Cells
After repetitive exposure to X rays, we found morphological alterations in the surviving cells. After the last irradiation, morphological features of the X60 cells were clearly altered from the parental NR-S1 cells. The cellular shapes of the X60 cells became spindle-like, the cell size became larger and the number of heterochromatin domains was clearly increased when compared with the NR-S1 cells (Fig. 3, Supplementary Fig. S2 ; http://dx.doi.org/10.1667/ RR13492.1.S1). Additionally, each of the subcloned cells had different cellular shapes. We therefore measured the cellular size, shape and heterochromatin domain number for all cell lines and subclones. We counted the Hoechst 33342 intense foci as heterochromatin domains because we found that the Hoechst 33342 intense-foci colocalized well with HP1b (Supplementary Figs. S2 and S3; http://dx.doi.org/10. 1667/RR13492.1.S1), which is a known marker of constitutive heterochromatin.
In X60 cells and most of the subclones, cellular size was significantly enlarged. However, these values showed wide variations and therefore are probably not associated with Xray and carbon-ion resistance (Fig. 4A) . However, the cellular shapes of many subclones were significantly elongated compared with NR-S1 cells (Fig. 4B) . The results of stratifying the elongation index are indicated in Fig. 4C . In   FIG. 2 . The X-ray and carbon-ion sensitivity of NR-S1, X60 and each clone isolated from X60 cells. X60-H2, X60-A3, X60-B12, X60-B11, X60-D9, X60-2, X60-C3, X60-D4, X60-A9 and X60-4 cells are abbreviated to H2, A3, B12, B11, D9, 2, C3, D4, A9 and 4, respectively. These cells were irradiated with 10 Gy of X rays or with 5 Gy of carbon ions. White and gray boxes show the survival fractions after X-rays and C-ion irradiation, respectively. The values and error bars indicate the mean values and standard deviation, respectively, from 3 independent experiments with 3 replicates per experiment. Asterisks and daggers represent a significant difference of P , 0.05 using the t test. 
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the X60 cells and many of the subclones (excluding X60-B11 and X60-4 cells), the percentages of spindle and elongated cells were increased compared with the NR-S1 cells. The X60-B11 cells consisted of a few spindle cells, but contained many elongated cells. The distribution of the elongation index in X60-4 cells was approximately the same as for the NR-S1 cells. Interestingly, the heterochromatin domain number was significantly different between the radioresistant cells and nonradioresistant cells. In particular, the number of heterochromatin domains in the radioresistant subclone X60-H2, X60-A3 and X60-B12 cells were 1.5-, 1.5-and 1.4-fold higher, respectively, compared with that in the NR-S1 cells. Conversely, the heterochromatin domain number in other subclones was similar or lower when compared with that in NR-S1 cells.
Additionally, we assessed the DNA contents for all the clones using flow cytometer because the difference in heterochromatin domain number could imply changes in DNA content. The DNA content in most of the subclones, including the radioresistant subclone X60-H2, X60-A3 and X60-B12 cells, were significantly increased when compared with those of the NR-S1 cells although the incremental value was not high. Conversely, the DNA contents in X-ray sensitive subclone X60-C3, X60-A9 and X60-4 cells were similar to those in the NR-S1 cells (Fig. 4E) .
We next investigated the basic cellular properties such as plating efficiency, doubling time and cell cycle distribution in normal culture conditions. The plating efficiencies of X60 cells and the majority of selected subclones significantly increased compared with the NR-S1 cells (Fig. 5A) . In particular, the radioresistant X60, X60-H2, X60-A3 and X60-B12 cells showed 1.5-, 1.4-, 1.6-and 1.8-fold increase, respectively, in plating efficiency compared with NR-S1 cells. Conversely, the value in X60-A9 cells was significantly lower than that in NR-S1 cells. However, these plating efficiencies do not likely correlate with the radioresistance because the plating efficiencies fluctuated between cell lines. Analysis of the doubling time of each of the cell lines showed in general they were statistically the same as that of NR-S1 cells (Fig. 5B) . However, the doubling time of X60-D4 cells was found to be significantly extended 1.5-fold compared with that of NR-S1 cells. Since cell cycle distribution is closely associated with cellular radiosensitivity, we next evaluated the cell cycle distribution in each cell line. The percentage of each phase was approximately the same in each cell (Fig. 5C-E) , indicating no evidence for any association with the radioresistance of the cells. However, statistically significant differences were detected in X60-A3, X60-C3 and X60-D4 cells. In NR-S1 cells, the percentages of G 1 , S and G 2 /M phase were 38.5%, 42.9% and 27.2%, respectively. In contrast, the G 1 phase in X60-A3, X60-C3 and X60-D4 cells decreased to 29.4%, 30.1% and 32.0%, respectively (Fig.  5C) , and S phase in X60-C3 cells increased to 51.3%. (Fig.  5D) . The percentage of G 2 /M phase in X60-C3 cells increased to 62.0% (Fig. 5E) .
These results demonstrated that increase in radioresistance might be associated with some morphological end points. If these end points were significantly correlated with each other, it is possible that this approach could be used as a novel marker for radiation-induced radioresistance in cancer cells. Therefore, we statistically analyzed the correlation between the radiosensitivity and the morphological features (Supplementary Fig. S4 ; http://dx.doi.org/ 10.1667/RR13492.1.S1). There was good correlation between X-ray resistance and carbon-ion resistance [(R ¼ 0.87, P ¼ 0.00053) Fig. 6A and B; Supplementary Fig. S4] , and the heterochromatin domain number was strongly correlated with X-ray resistance (R ¼ 0.74, P ¼ 0.0098) and carbon-ion resistance (R ¼ 0.79, P ¼ 0.0038) ( Fig. 6A-C;  Supplementary Fig. S4 ). Additionally, the elongation index was correlated with carbon-ion resistance [(R ¼ 0.75, P ¼ 0.0085) Supplementary Fig. S4 ] but not with X-ray resistance. Futhermore, there was a significant inverse correlation detected between percentage of S phase and that of G 1 phase [(R ¼ À0.82, P ¼ 0.0018) Supplementary Fig.  S4 ]. Other factors, such as cellular size, DNA contents, plating efficiency and doubling time were not significantly correlated with X-ray and C-ion resistance.
These results indicate that repeated exposure to X rays can induce various phenotypic changes in irradiated NR-S1 cells. In particular, the increase in heterochromatin domain number is significantly correlated with X-ray and carbonion resistance. These results suggest that the enhancement of heterochromatin formation might be associated with induced X-ray and C-ion resistance.
Disappearance of c-H2AX Foci in Radioresistant Cell and Parental Cell
Recently, heterochromatin has attracted attention as a platform for DNA repair. We hypothesized that the observed increase in heterochromatin domain number may be associated with enhancement of DNA repair ability in . The values and error bars indicate the mean value and standard deviation, respectively, from 3 independent experiments. Asterisks represent a significant difference of P , 0.05 using the t test.
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radioresistant cells. To investigate whether DNA repair is promoted in X-ray and C-ion resistant X60 cells and their radioresistant subclones, X60-A3 and X60-H2, we evaluated for the induction and the disappearance of c-H2AX foci after 10 Gy of X-rays or 5 Gy of carbon-ion irradiation. In X60, X60-A3 and X60-H2 cells, 24 h after X-ray or Cion irradiation c-H2AX foci had almost completely disappeared and the remaining number of foci was extremely low compared with that in NR-S1 cells (Fig. 7) . For X rays, the mean value of c-H2AX foci at 24 h postirradiation in X60, X60-A3 and X60-H2 cells was 2.5-, 1.4-and 1.7-fold lower, respectively, than that in NR-S1 cells. Similarly, the number of c-H2AX foci after carbonion irradiation was decreased by 2.5-, 1.4-and 1.7-fold in respective cell lines (Fig. 8) .
To confirm whether the DNA repair potential is promoted in X60, X60-H2 and X60-A3 cells, the initial number of c-H2AX foci must be assessed. After 30 min of exposure to 10 Gy and 5 Gy of X ray and carbon ion, respectively, c-H2AX foci overlapped each other and therefore could not be accurately counted (Fig. 7) . Alternatively, we counted the initial number of c-H2AX foci per unit dose (Supplementary Fig. S5A and B; http://dx.doi.org/10. 1667/RR13492.1.S1) because it is well known that the c-H2AX foci number is proportional to radiation dose (17) . When the cells were 1 Gy X irradiated, the number of c-H2AX foci in the X60 and X60-H2 cells was approximately the same as in the NR-S1 cells. On the other hand, the c-H2AX foci number in X60-A3 cells was 1.3-fold higher than that in NR-S1 cells. When the cells were C-ion irradiated, there was no difference in the c-H2AX foci number between X60, X60-H2 and X60-A3 cells.
As expected, these results demonstrated that DNA double-strand break (DSB) repair ability, which was measured by the disappearance of c-H2AX foci, was significantly enhanced in both X-ray and C-ion resistant cancer cells.
DISCUSSION
Induced Carbon-Ion Resistance by Repetitive Exposure to X Rays
Our study demonstrated that repeated exposure to X rays generated not only X-ray radioresistance but also C-ion radioresistance in irradiated cancer cells. Although the development of X-ray resistance in cancer cells after repeated exposure to X rays has been previously reported (10) (11) (12) (13) (14) , the cells studied in those reports were not evaluated for sensitivity to particle ion beams such as carbon ions.
In addition, our results show that subclone cells (X60-D4, X60-A9 and X60-4) have C-ion resistance but not X-ray resistance. While this appears to contradict the general consensus that C-ion irradiation is more effective for treating X-ray resistant tumors (8, 9), X60 cells and their FIG. 6 . The correlation between X-ray and carbon-ion resistance and heterochromatin domain number. The statistical difference of these proportions is shown in Supplementary Fig. S4 . Panel A shows the correlation between X-ray and carbon-ion sensitivity. Panel B shows the correlation between X-ray sensitivity and heterochromatin domain number. Panel C shows the correlation between carbon-ion sensitivity and heterochromatin domain number. The values and error bars indicate the mean and the standard deviation, respectively, from 3-5 independent experiments with 3 replicates per experiments. 414 subclones could be used as novel experimental models for investigating C-ion resistance in cancer cells. The reason that C-ion resistance was generated in the X60, X60-H2, X60-A3 and X60-B12 cells by repeated exposure to X rays might be a result of cross-resistance between X rays and Cion irradiation. In many studies, radiation is given as fractions of 0.5-2 Gy (10) (11) (12) (13) (14) , and the radiation is repeated to a total dose of approximately 60 Gy (10-13). In our study, the development of C-ion radioresistance in X-ray irradiated cells might be due to the comparatively high dose (fractions size of 10 Gy) we used for X-ray irradiation. At this dose range, complex damage generally associated with heavy-ion radiation may increase even in X-ray irradiated cells. Assuming that the DNA damage induced by highdose X-ray irradiation is similar to that by C-ion irradiation and that the cancer cell is therefore able to develop radioresistance to both types of radiation, the development of C-ion resistance in X60 cells could be explained by an induction of cross-resistance. However, our results also showed that some subclones, especially X60-D4, X60-A9 
FIG. 8. c-H2AX
foci numbers among radioresistant cell lines are compared. White, gray, slashed and meshed boxes indicate the foci numbers of NR-S1, X60, X60-A3 and X60-H2, respectively. The boxes and error bars indicate the mean and the standard error, respectively. At least 120 cells were counted for calculating the mean value and standard error. The reproducibility of data was confirmed in 3 independent experiments. Asterisks represent a significant difference of P , 0.05 using the t test.
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and X60-4 cells, developed C-ion resistance but not X-ray resistance. Although the reason for this is unclear, it may have been caused by differences in the type of enhanced DNA repair in the cells that developed resistance to both radiation types versus the cells specifically that became resistant to carbon ions only. For example, complex DNA damage may contain a crosslink product such as DNAprotein crosslink (DPC) (18, 19) . If such a product is yielded by repeated exposure to high-dose X rays and the removal capacity of DPC, which is associated with nucleotide excision repair and homologous recombination repair (20) , is selectively enhanced in X60-D4, X60-A9 and X60-4 cells, these cells might develop resistance only to Cion radiation. This possibility is based on a previous report that the DPC is effectively induced by high-LET irradiation compared with low-LET irradiation (21) . Although the precise mechanisms of DPC repair in mammalian cells are largely unknown and further assessment is needed to prove the DPC repair in radioresistant cells since the hypothesis remains speculative, X60 and each of the subclones are nevertheless useful for analyzing the difference between induced X-ray and C-ion resistance in cancer cells.
Relationship between Heterochromatin Formation and XRay and C-Ion Resistance
In addition to demonstrating the development of C-ion resistance in X60 cells, we showed that X-ray and C-ion resistance is significantly correlated with the heterochromatin domain number. Since the relationship between C-ion resistance and heterochromatin formation has never been previously reported, these novel results may prove valuable in further investigations of the relationship between radioresistance and chromatin structure.
Some studies have shown that the DNA repair in heterochromatin is different from that in euchromatin (22) (23) (24) (25) (26) (27) (28) . Goodarzi et al. found that the DSB repair in heterochromatin requires chromatin relaxation by ataxia telangiectasia mutated (ATM) dependent phosphorylation of Krü ppel-associated box (KRAB) domain-associated protein 1 (KAP-1), and that the heterochromatic DSB is repaired at a later time after DSB induction compared with euchromatin. (22) . This ''slow'' component of DSB repair is conducted not only when DNA damage occurs in the heterochromatin but also at any complex DSB sites induced by high-LET radiation such as carbon ions (26) . Moreover, the slow component of DSB repair is preferentially performed in the G 2 phase rather than the G 1 phase by homologous recombination (26, 27) . Shibata et al. have proposed a mechanism of DSB repair that starts with nonhomologous end joining (NHEJ) first attempting to repair the heterochromatic DNA damage and this NHEJ repair represents the ''fast'' component of DNA repair, and the remaining DSBs are then repaired by homologous recombination, which is the slow component of DNA repair (26) . In addition, Chiolo et al. found that the DSB repair in heterochromatin was mainly dependent on the homologous recombination pathway and required cell cycle checkpoint proteins such as ATM and ATR. Their study also showed that the heterochromatin region, which contains the HP1a protein, is expanded approximately 30 min after X irradiation, and the DSB site is then relocalized outside of the heterochromatin and then repaired by Rad51 in the late step of homologous recombination (28) . While their study was performed using Drosophila cells, similar results were demonstrated with mouse embryonic fibroblast cells (29) . Jakob et al. revealed that accumulation of c-H2AX and XRCC1 foci at heterochromatic DSB sites occurred immediately after heavy-ion irradiation, and that these foci were moved from the center to the periphery of heterochromatin domains within approximately 20 min. They also showed that ATM is required for DSB repair in the periphery of heterochromatin domains. While the NHEJ has been shown to modify broken DNA ends through the endonuclease activity of Artemis, homologous recombination repair resects the broken DNA end and then newly synthesizes DNA using the information obtained from sister chromatids in S and G 2 phases. Therefore, homologous recombination repair can more precisely restore the broken DNA DSBs compared with NHEJ repair even though the damaged DNA end structure is more complex (30) . Since in our study we found the X60 cells were more resistant to the C-ion irradiation and have many heterochromatin domains, the DSB repair component in heterochromatin may likely contribute to the C-ion resistance in X60 cells. These possibilities are emphasized by the cell cycle analysis ( (Fig. 5C-E) , the percentages in G 1 and S phase in X60, X60-A3 and X60-H2 cells after 6 Gy X irradiation were lower and higher, respectively, than those in NR-S1 cells, although these data were not statistically significant ( Supplementary Figs. S6 and S7) . These results suggest that the contribution of homologous recombination in X60, X60-H2 and X60-A3 cells may be relatively higher than in NR-S1 cells. In addition, heterochromatin components such as heterochromatin protein 1 (HP1) and chromatin assembly factor-1 (CAF-1) are known to promote homologous recombination repair. HP1 and CAF1 have been shown to accumulate in the heterochromatin and the localization of these proteins is changed depending on the chromatin organization (31) (32) (33) . Taken together, these reports suggest that the expression and localization of heterochromatin components such as HP1 in X60 cells possibly differ from those in NR-S1 cells. In fact, the immunofluorescence staining of HP1b clearly showed that the maximum intensity of HP1b fluorescent signal in X60 cells was approximately twofold greater than that in NR-S1 cells (Supplementary Fig. S2E and F; http:// dx.doi.org/10.1667/RR13492.1.S1), although further investigation is necessary to confirm the protein expression and 416 localization of heterochromatin components. Other laboratories have reported that c-H2AX focus formation after X irradiation is enhanced by disruption of chromatin structure due to inhibition of histone deacetylase activity (34) and the chromatin condensation itself confers the radioresistance compared with decondensed chromatin (35) . While we must further investigate whether the expression of heterochromatin components and chromatin structure in X60 cells affect X-ray and/or C-ion resistance, these reports support the hypothesis that the enhancement of heterochromatin formation contributes to X-ray and C-ion resistance by promoting DNA repair ability.
An additional question that remains is why the heterochromatin domain number was increased in X60 cells. One of the reasons might just be selection of cells with higher DNA contents and polyploidy. If the polyploid cells were condensed by repeated exposure to X rays, the result will be an increased pericentromeric heterochromatin number in the irradiated cells. To satisfy this condition, the polyploid cells must be radioresistant. However, some studies have shown that the ploidy and DNA contents did not correlate with the radiosensitivity (36, 37) , and our data agreed with these results (Supplementary Fig. S4 ; http://dx.doi.org/10.1667/ RR13492.1.S1). In addition, we have shown here that the heterochromatin domain number did not significantly correlate with DNA contents (Supplementary Fig. S4 ). This means that the selection of cells with higher ploidy or DNA contents by repeated exposure to X rays does not sufficiently explain the increased heterochromatin domain number in X60 cells and radioresistant subclones. Another explaination for the increased heterochromatin domain number might be associated with constitution and function of heterochromatin. In general, repeated DNA sequences, such as ribosomal DNA, satellite DNA and transposable elements are enriched in the heterochromatin region (38) . These DNA sequences may threaten genomic integrity when DNA repair, replication and recombination of these sequences cannot be properly performed (38, 39) . Although the precise role of heterochromatin formation or chromatin condensation in the maintenance of repeated DNA sequences is currently unclear, the heterochromatin formation may maintain genome integrity, protecting against irregular insertions, recombinations and abnormal expansions of repeated DNA sequences (40) . Moreover, evidence that the heterochromatin formation contributes to the maintenance of genomic stability has been suggested by some other studies (41, 42) . Zhu et al. have reported that BRCA1, a component of homologous recombination repair and a tumor suppressor, is essential for heterochromatin formation and for the transcriptional repression of tandemly repeated satellite DNA (41) . In addition, they showed that the ectopic expression of satellite DNA transcripts induced abnormal mitosis and DNA damage. In another study, it was reported that loss of suppressor of variegation 3-9 homolog 1 (SUV39H1), which is a marker of constitutive heterochromatin and a histone methyltransferase that trimethylates lysine 9 on histone H3, led to genomic instability (42) . Given these data, it is possible that the promoted heterochromatin formation in X60 cells and radioresistant subclones protects the genomic integrity against the abnormal expansion of repeated DNA sequence. These would suggest that heterochromatin formation is necessary for the maintenance of genomic integrity, and our results may support that the promotion of heterochromatin formation may be necessary for the radioresistance acquisition after repeated exposure to X rays. Fig. S1 . Irradiation procedure for establishment of resistant cancer cells. Fig. S4 . Summary of the correlation coefficients. The pairwise comparison of Pearson's product-moment correlation coefficient was calculated. The color scale under the correlation matrix indicates the strength of the correlation coefficient. When the P value is less than 0.05, the correlation coefficient is regarded as statistically different and is underlined. respectively indicate the foci number of NR-S1, X60, X60-A3 and X60-H2 cells. The boxes and error bars indicate the mean value and standard error. At least 100 cells were counted for calculating the mean value and standard error. The reproducibility of data was confirmed in three independent experiments. Asterisks represent a significant difference of P , 0.05 using the t test. Fig. S6 . Cell cycle progression after 6 Gy X irradiation. The cells were fixed at indicated time point after X irradiation. Fig. S7 . Percentages in each phase shown in Supplementary Fig. S6 .
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